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1. Introduction

SIRT2(sirtuin 2) is one of the mammalian orthologs (sirtuins) of yeast silent information
regulator 2 (Sir2) proteins that regulate cell differentiation and calorie restriction (Gan and
Mucke, 2008; Nakagawa and Guarente, 2011 for review). In contrast to other family
members of sirtuins, SIRT2 is mostly localized in the cytoplasm, and regulates post-
translational modifications of proteins such as microtubules via tubulin deacetylation
(North et al., 2003)(Fig. 1). The enzyme catalyzes the hydrolysis of NAD* and transfer of the
acetyl moiety of acetylated alpha-tubulin to the resultant ADP-ribose, thus yielding free
alpha-tubulin, 2'-O-acetylated ADP-ribose, and niconinamide. This stoichiometry indicates
that its activities are modulated by the status of energy metabolism, and nicotinamide serves
as an inhibitor. It has well been appreciated that SIRT2 plays a crucial role in cellular
functions including oligodendrocyte differentiation (Li et al., 2007; Ji et al., 2011) and cell
cycle (Dryden et al., 2003; Inoue et al., 2007) in non-neuronal cells. So far very few studies
have ever addressed the question as to whether its expression in neurons shows any
functional significance. We will briefly summarize our results on its functional involvement
in axon degeneration, and discuss some of recent findings, highlighting an emerging role of
SIRT2 in the regulation of neuronal degeneration and plasticity.

2. Tubulin acetylation and axon stability
2.1 Acetylation and deactylation of tubulin

With long axons and elaborated dendrites, neurons establish the circuitry that receives,
stores and transmits information to perform neuronal functions (Horton and Ehlers, 2003).
The establishment and maintenance of this circuitry requires a coordinated and widespread
regulation of the cytoskeleton and membrane trafficking system. Microtubles, whose
building block is a heterodimer of alpha- and beta- tublins, play a pivotal role in this
function (Fig. 1). There are multiple pathways through which microtubules are stabilized.
For instance, acetylation is mostly observed in stable microtubules in neurons as revealed by
their low sensitivity to drug-induced depolymerization (Black and Greene, 1982) or
upregulation of acetylated alpha-tubulin in response to trophic factor (Black and Keyser,
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2 Neurodegeneration

1987). These findings support a correlate between axon stability and acetylation of alpha-
tubulin, but still pose a yet unresolved question regarding the causal relationship between
the two (Westermann and Weber, 2003). Acetylation, the major post-translational
modification of alpha-tubulin, occurs at the epsilon-amino moiety of Lys40 in the amino
terminal region of alpha-tubulin (MacRae,1997). The level of acetylation will be regulated by
a balance of tubulin acetyltransferase and tubulin deacetylase activities (Laurent and Fleury,
1996). Although tubulin acetyltransferase (alpha-TAT/MEC-17) has recently been into
focus, its regulation is still unknown. Both microtubles and, to a lesser extent, tublins may
serve as the substrate for this enzyme (Maruta et al., 1986). The mechanism by which this
enzyme works in the lumenal space of the microtubules remains a mystery. Recently,
histone deacetylase 6 (HDAC6) (Hubbert et al., 2002; Matsuyama, 2002) and SIRT2 (North et
al., 2003) have been identified as an enzyme that catalyzes deacetylation of acetylated alpha-
tubulin (Fig. 1). Each enzyme is likely to play an independent role in each compartment of
axons.

2.2 The WId°® gene and axon stability

In a mutant mouse strain (WIdS :Wallerian degeneration resistance) axon degeneration, but
not cell somal death, is delayed (Coleman, 2005 for review). Researchers found that
transected axons from WWIdS mice are morphologically indistinguishable from intact axons
and capable of conducting action potentials for more than 2 weeks, whereas transected
axons from wild-type mice rapidly degenerate within 2 days (Lunn et al., 1989), suggesting
that the axonal cytoskeleton is highly stabilized in these mutant WId5 mice. This model
provides evidence that axonal degeneration is an active process intrinsic to axon itself,
which is consistent with the notion that axons often undergo degeneration, independently of
cell somal apoptosis during development (Koike et al., 2008, for review). The responsible
gene for this phenotype has been demonstrated to encode a chimeric protein (WIdS) of the
full-length of Nmnatl and N-terminal 70 amino acids of Ufd2a (Conforti et al., 2000).
Researchers have shown that the overexpression of the chimeric protein or Nmnat1, or NAD
treatment delays axonal degeneration (Mack et al., 2001; Araki et al., 2004; Wang et al.,
2005). Nmnat1 is a key enzyme for NAD biosynthesis, and hence it has been postulated that
NAD-dependent pathways are involved in the mechanisms underlying WIldS-mediated
axonal protection (Araki et al., 2004; Sasaki et al., 2006). However, both W1ldS and Nmnat1
are localized in the nucleus, and NAD level remains unchanged irrespective of W1dS or
Nmnatl overexpression (Mack et al., 2001; Araki et al., 2004). The precise mechanism of this
neuroprotection is still not yet clear, but these findings suggest the involvement of putative
downstream target(s) responding to WIdS expression in cell soma. Moreover, WIdS
phenotype shows a substantial resistance to microtubule depolymerizing drugs (Wang et
al., 2000; Ikegami and Koike, 2003), suggesting that this system provides a model to examine
the correlation between axon stability and microtubule acetylation.

2.3 Involvement of SIRT2 in axon stability
2.3.1 Evidence for SIRT2 involvement in the axon stability in the Wids model

Based on our preliminary finding on the presence of SIRT2 in cerebellar granule neurons
(CGNs), we have put forward our hypothesis that SIRT2 may be involved in microtubule
stability by regulating the level of tubulin acetylation. If our hypothesis is correct, the level
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SIRT2 (Sirtuin2) — An Emerging Regulator of Neuronal Degeneration 3

of acetylated alpha-tubulin of CGN axons from WIdS mice should be higher than those from
wild-type mice, and lowering the levels should ameliorate the resistance of these mutant
axons to degenerative stimuli including colchicine. Westernblot analysis showed that the
basal levels of both acetyl microtubule and acetyl alpha-tubulin were indeed higher in
cultured CGNs from WIdS mice than those from wild-type mice (Suzuki, 2007; Suzuki and
Koike, 2007a). This is also the case for in vivo; Fig. 2 shows that the level of acetylated alpha-
tubulin per total alpha-tubulin is significantly higher in the WIdS cerebellum compared to
the wild-type cerebellum at postnatal 21 days (P21).

Tubulin
acetyltransferase(alphaTAT)

Microtubules

Depolymerization/
Polymerization

SIRT2

HDACGH
——

alphaTAT

. Acetyl residue

Biosynthesis
: Alpha- and beta-tubulins Degradation

Fig. 1. Acetylation and microtubule dynamics of assembly and disassembly. Microtubules,
whose building block is a heterodimer of alpha- and beta- tubulins, are in a dynamic
equilibrium of assembly and disassembly. Major acetylation site is at Lys40 of alpha-tubulin.
Both microtubles and tublins may serve as the substrate for acetyltransferase (Maruta et al.,
1986). Both SIRT2 (North et al., 2003) and histone deacetylase 6 (HDAC6) (Hubbert et al.,
2002; Matsuyama, 2002) are known to catalyze the deacetylation of acetylated alpha-tubulin.
The level of acetylation will be regulated by a balance of tubulin acetyltransferase and
tubulin deacetylase activities.

To further test our hypothesis, CGNs from WIdS mice were transfected with the expression
vector for GFP or GFP-sirt2, and then immunostained with anti-acetylated alpha-tubulin
(Suzuki, 2007; Suzuki and Koike, 2007a). The proximal region of the axons was clearly
stained in CGNs expressing GFP alone, consistent with the previous reports (Baas and
Black, 1990; Shea, 1999), whereas it was markedly reduced in those expressing active GFP-
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4 Neurodegeneration

SIRT2. The results suggest that SIRT2 overexpression is sufficient to substantially reduce the
hyperacetylation of CGN axons from WIdS mice. Morphologically, changes in the number
and length of CGN axons expressing GFP or GFP-sirt2 were measured overtime after
treatment with colchicine: 50% of axons per GFP-positive CGNs from WIdS mice still
remained alive, whereas in IWIdS CGNs expressing active sirt2, only 10% of axons per GFP-
positive cell remained alive at 24 h after colchicine treatment. These results clearly indicate
that SIRT2 overexpression downregulated the elevated level of tubulin aceylation and
amiliorated the resistance of CGN axons from WIdS mice to the degenerative stimulus
(Suzuki and Koike, 2007a).
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Fig. 2. The level of alpha-tubulin acetylation in the molecular layer of the cerebellum from
wild-type (WT) and W1dS mice during postnatal development. Details of the procedures are
previously described (Suzuki and Koike, 2007a). Staining intensities on the sections were
measured by using Scion Image software. Relative intensities of total and acetylated alpha-
tubulins were calculated by normalizing staining intensities of total and acetylated alpha-
tubulins to those of phalloidin, respectively. Tubulin acetylation was determined as a ratio
of the intensities of acetylated alpha-tubulin to those of total alpha-tubulin in adjacent
sections. The data are shown as mean + S.D. (n = 3 animals). Statistical significance was
detected by Student’s t-test (*p < 0.05 between groups at wild-type and W1ds). Data from
Suzuki (2007).

2.3.2 Functional correlate between SIRT2 levels and axon resistance against
degenerative stimuli

If microtubule hyperacetylation is involved in acquiring resistance of CGN axons from
mutant mice to degenerative stimuli, then similar resistance would be attainable for wild-
type CGN axons by the use of SIRT2 inhibitors or sirt2 silencing technology. By exposing
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wild-type CGNs from wild-type mice to nicotinamide, the inhibitor of SIRT2, prior to
colchicine application, we obtained evidence for enhanced tubulin acetylation and increased
resistance to colchicine (Suzuki and Koike, 2007a). Immunoblot analysis shows that the level
of alpha-tubulin acetylation increased following treatment with nicotinamide in a
concentration- and time-dependent manner (Suzuki, 2007). However, treatment with 3-
aminobenzamide(3-AB), an inhibitor for PARP, failed to elevate the level, suggesting that
the effect of nicotinamide on tubulin deacetylation is mediated by SIRT2 but not by PARP.
On the other hand, trichostatin A (TSA), a specific inhibitor for HDAC6 tubulin deacetylase
(Matsuyama et al., 2002), failed to enhance tubulin acetylation. Morphologically, more than
70% of axons were viable, whereas 90% of cell somata were dead when CGNs were treated
with 10 mM nicotinamide and then with colchicine for a further 24h. However, it should be
noted that nicotinamide was neuroprotective only after its exposure to CGNs for more than
2 days, and that this agent elevated the level of alpha-tubulin acetylation, but not the level of
microtubule acetylation.

To eliminate the possibility that nicotinamide acted through other pathways, CGNs were
transfected with a lentiviral vector expressing SIRT2 small interfering RNA (siRNA). SIRT2
silencing indeed caused an increase in the level of acetylated alpha-tubulin (Fig. 3).
Morphologically, more than 50 % of axons were viable as revealed by calcein-AM staining,
whereas more than 90% of cell bodies were dead as revealed by PI staining, after colchicine
treatment for 48hr (Suzuki, 2007). These results show that CGN axons form wild-type mice
acquired resistance to degenerative stimuli by downregulating sirt2 expression.

2.3.3 Resveratrol-mediated modulation of axon degeneration

Resveratrol, a natural polyphenol, shows a wide range of interesting biological and
pharmacological activities. Besides acting as a general inhibitor against oxidative stress, this
agent is known to activate SIRT1, thus providing a potential effect for longevity (Fulda and
Debatin, 2006; Buer, 2010 for review). To asses the effect of resveratrol on SIRT2 HEK293
cells were transfected with GFP alone, active GFP-SIRT2, or GFP-SIRT2 N168A, a
catalytically inactive mutant (North et al, 2003), and then the cellular lysates were
immunoprecipitated by anti-GFP antibody. The resultant immunoprecipitates were used as
SIRT2 enzymes for tubulin deacetylation assay. We found that resveratrol decreased the
level of acetylated alpha-tubulin in the immunoprecipitates from CGNs transfected with
active GFP-SIRT2, but not inactive GFP-SIRT2 or GFP alone, suggesting that resveratrol
indeed activates SIRT2 (Suzuki, 2007).

Westernblot analysis showed that resveratrol decreased the level of acetylated alpha-tubulin
in the CGN lysates from wild-type mice in a time- and dose-dependent manner (Suzuki,
2007; Suzuki and Koike, 2007b). Moreover, resveratrol decreased the level of tubulin
acetylation, and, as a result, reduced the resistance of CGN axons from WIdS mice to the
degenerative stimulus. The effect of resveratrol on cell body degeneration appeared to be
minimal, which is consistent with the previous report (De Ruvo et al., 2000). These results
suggest that resveratrol amiliorated the resistance of CGN axons from WIdS mice to
colchicine by enhancing tubulin deacetylation. However, it should be noted that resveratrol
was neuroprotective after its treatment for more than 2days, suggesting that it may acts
indirectly on SIRT2 or other targets including nuclear transcriptional factors that regulate
the expression of a variety of genes (Fulda and Debatin, 2006).
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Fig. 3. The enhancement of the level of acetylated alpha-tubulin in wild-type CGNs by
silencing of sirt2. CGNs from wild-type mice were mock infected or infected with lentivirus
expressing SIRT2 siRNA at 1 moi, and cultured for a further 48 h. Five micrograms of total
proteins from the cytoskeletal fraction (microtubules fraction) of both cultures were applied
on a gel, and analyzed by immunoblotting with anti-acetylated alpha-tubulin antibody.
Equal loading was confirmed by reprobing the same blot with anti-alpha-tubulin antibody
(upper 2 blots). For immunoblotting with anti-SIRT2 antibody, twenty micrograms of total
proteins from the total cellular fraction were analyzed. Equal loading was confirmed by the
same blot with anti-beta-actin antibody (lower 2 blots). Each experiment was repeated three
times with similar results. Note that both long (43kDa) and short (39kDa) forms of the SIRT2
proteins are detected. Data from Suzuki (2007).

3. Evidence for neuronal distribution of acetyl alpha-tubulin and SIRT2: An
immunoreactivity study during postnatal development of mouse cerebellum

In the mouse brain, the expression of alpha-tubulin is high during early postnatal days, and
subsequently decrease upon maturation (Burgoyne and Cambray-Deakin, 1988), whereas
tubulin acetylation in vivo is known to occur concomitantly with maturation (Black and
Keyser, 1987), indicative of its association with microtubule stability (Westermann and
Weber, 2003). Immunohistochemistry using the monoclonal antibody specific for acetylated
alpha-tubulin showed intense particulate staining in the molecular layer of postnatally
developing and adult mouse cerebellum (Suzuki, 2007, Kawahara, 2007). Bergmann glial
fibers and Purkinje cell dendrites were not stained, whereas Purkinje cell bodies were
intensely stained in developing mouse cerebellum (Suzuki, 2007, Kawahara, 2007),
consistent with the previous findings (Cambray-Deakin and Burgoyne, 1987). During
postnatal development the external granular layer becomes thinner, while the molecular
layer becomes enlarged (Burgoyne and Cambray-Deakin, 1988). Along with this, intense
staining was observed in the molecular layer from wild-type and WIdS mice. The level of
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microtubule acetylation in WIdS cerebellum was increased at P14-21 (Suzuki, 2007;
Kawahara, 2007), which corresponds to the stage when granule cells migrate into the
internal granule layer (IGL) along extending parallel fiber axons, and form short dendrites
(Burgoyne and Cambray-Deakin, 1988). These findings suggest that microtubule acetylation
occurs in a manner that depends on developmental stages. In vitro, Wallerian degeneration
of transected axons is further delayed by extending culture period of time prior to axotomy
in cerebellar explant cultures from W1dS mice (Buckmaster et al., 1995).

Fig. 4 shows the immunostaining patterns of SIRT2 of wild-type and WIdS mouse cerebella
during development; intense immunostaining was observed in the EGL, the IGL and the
Purkinje cell layer at P1, and the EGL and the Purkinje cell layer at P7, and then gradually
declined in both cerebella, although the intensity was lower in the WIdS cerebellum. At P21
and, to a lesser extent, in adult, clear and distinct staining was observed for the Purkinje cell
layer. Fig. 4 clearly shows that SIRT2 immunoreactivity is localized in the cytoplasm of
Purkinje cells; though less clearly, the staining of CGNs were rather uniform. In the
molecular layer of both adult wild-type and WIdS cerebella immunostaining was far less
intense, consistent with the recent report (Li et al., 2007). Our findings clearly show that both
CGNs and Purkinje neurons are positively stained with the antibodies against SIRT2 at the
critical period of time when these neurons are undergoing differentiation and migration
(Suzuki and Koike, 1997; Powell et al., 1997). SIRT2 immostaining clearly showed the
localization of SIRT2 in developing CGNs and Purkinje neurons in contrast to the previous
finding on its distribution in non-neuronal cells. Recent study has revealed a widespread
distribution of SIRT2 in CNS neurons (Maxsell et al., 2011).

4. Possible roles of SIRT2 in neurodegeneration
4.1 Acetylated alpha-tubulin as a marker of stable microtubules

We have showed that alpha-tubulins and microtubules are hyperacetylated in CGNs from
wlds mutant mice, and the resistance of these CGN axons to degenerative stimuli is
ameliorated by downregulating the level of acetylation by multiple methods including
silencing of sirt2. Similarly, CGN axons from wild-type mice acquired resistance to
colchicine by sirt2 silencing, which was associated with reduced levels of tubulin
deacetylation, but not enhanced levels of microtubule acetylation. The reason for this is
unclear, since both acetylated and non-acetylated alpha-tubulins are known to be a good
substrate for tubulin acetylatransferase in vitro. It is likely that the degeneration pathway
may play a role in the regulation of axon stability given the fact that deacetylated tublin is
rapidly degradated (Black et al., 1989; Ren et al., 2003) as shown in Fig. 5, and therefore, if
this step is blocked, acetylated microtubules are metabolically stabilized (but not
accumulated). Consistently, the level of acetylated alpha-tubulin is a signal for fine-tuning
microtubule dynamics by modulating alpha-tubulin turnover (Solinger et. al., 2010). It has
been shown that microtubules were stabilized and the level of acetylated alpha-tubulin was
elevated in the cells transfected with microtubule-associated proteins tau or other associated
proteins (Takemura et al., 1998), suggesting these microtubule associated proteins influence
microtubule stability by modulating tubulin acetylase activities; Fig. 5 shows that the
association of alpha-tubulin with tau stabilizes microtubules via a yet unknown mechanism.
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Fig. 4. Immunohistochemical staining patterns of SIRT2 during postnatal development of
the cerebellum from wild-type and W1dS mutant mice. Coronal crysections from cerebella
from each mouse were immunostained with anti-SIRT2 antibody (green). As a reference,
nuclear stainings with PI (red) in wild-type cerebellum are shown. Details of this method
have been described (Suzuki and Koike, 2007a). Note that oligodendrosites are intensely
stained in the adult cerebellum (Li et al., 2007). EGL, the external granular layer; ML, the
molecular layer; PL, the Purkinje cell layer; the IGL, internal granular layer. Scale bar
represents 25 microm. Data from Suzuki (2007) and Kawahara (2007).
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Fig. 5. SIRT2 targets and its functions. Targets of SIRT2 include a number of transcription
factors including p.53, p.300, 14-3-3, p.65, Foxo's, NFkappaB, SREBP-2 and others, only two
of which are shown in this figure. Besides these transcription factors, SIRT2 is known to act
on FOXO1 and tubulins. FOXO-1 in the cytoplasm plays a crucial role in autophagic
mechanisms, although its neuronal distribution is not currently available. Alpha-tubulin is
shown to bind to Parkin, and is thereby ubiquitinated and quickly degradated. On the other
hand, acetylated-tubulin is able to bind to tau and is involved in microtubule stabilization.
The plus ends of Microtubules are in a dynamic equilibrium of assembly and disassembly
and their minus ends with extensive acetylation and association with tau are relatively
stable.

4.2 Multiforms of SIRT2

Previous reports have shown that SIRT2 is localized mainly in the cytoplasm (North et al.,
2003; Dryden et al., 2003). For CGNs, SIRT2 immunoreactivity was observed throughout the
cells. Westernblot analysis shows two different isoforms of SIRT2 proteins. Interestingly, the
long isoform (43 kDa) was barely detectable in the cytoplasmic fraction in both WT and WId$
granule cells (Suzuki, 2007). The short form (39 kDa) lacks the corresponding N-terminal 37
amino acids in the long isoform (Voelter-Mahlknecht et al., 2005) and may be located in the
cytoplasm and the nucleus. Recent study shows that there is a sirt2 transcript expressed
preferentially in aging CNS (Maxsell et al., 2011). Further experiments should be needed to
delineate the precise roles of these nuclear, cytoplasmic, age-specific forms of the Sirt2
transcripts.
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4.3 Degradation pathways of SIRT2

Dryden et al. (2003) reported that SIRT2 is dephosphorylated by the phosphatase CDC14B
and then degradated via the ubiquitin-proteasome pathway. This finding suggests that the
level of SIRT2 proteins could be regulated by phosphorylation in the nucleus where this
phosphatase is located, and ubiquitination in the cytoplasm. CDC14B overexpression
promotes microtubule acetylation and stabilization, indicative of the involvement of the
nucleo-cytoplasmic shuttling in the degadation pathway of SIRT2 (Cho et al., 2005). Parkin,
an ubiquitin E3 ligase linked to Parkinson’s disease, is also shown to bind to alpha- and
beta-tubulins and enhance their ubiquitination and degradation (Ren et al., 2003)(Fig. 5).
Regulation by phosphorylation has also been shown for HDAC6, another tubulin
deacetylase.

Recently, researchers have shown that FOXO (Forkhead box, class O) transcription factors
are clearly involved in the degradation pathway in a number of important ways. SIRT2
facilitates FOXO3 deacetylation, promotes its ubiquitination and subsequent proteosomal
degradation (Wang et al., 2011). Fig. 5 shows various targets of SIRT2 in which there are
number of transcription factors. including NFkappaB (Rothgieser at al., 2010). On the other
hand, cytosolic FOXO1 acts independently of its capability as being a transcription factor
and is shown to be essential for the induction of autophagy in response to stress (Zhao et al.,
2010). Fig. 5 shows that FOXOL1 is acetylated by dissociation from SIRT2, and the acetylated
FOXO1 forms a complex with Atg7, an El-like protein, in the autophagy signaling pathway
(Zhao et al., 2010). As shown previously, autophagic degradation processes play a key role
in the survival and degeneration of axons and dendrites (Koike et al., 2008).

4.4 SIRT2 versus HDAC6

SIRT2 is shown to be localized in the proximal region of CGN axons (Suzuki, 2007),
whereas HDAC6 tubulin deacetylate distributes in the distal region of axons of
Hipocampal neurons (Black et al., 1998), suggesting each tubulin acetylase may have
different regulatory roles in microtubule stability and the protein-protein interaction
along axons. Previous studies have shown that HDAC6 inhibition or suppression
regulates the interaction of ankyrinG or similar axonal domain-interacting proteins with
voltage gated sodium channels that diffuse along the axon (Black et al., 1998). Thus, the
distribution of SIRT2 in the proximal region of the axon and its absence from the distal
region of the axon may regulate the formation of different microtubules domains in the
axon. HDACS6 regulated activity at the distal axon can promote axonal growth (Tapia et
al., 2010), while microtubules at the proximal region of the axon can be more acetylated
and allow the maintenance of the axon initial segment, necessary for polarized axonal
transport, tethering of ankyrin proteins and generation of neuronal action potentials. It is
interesting to point out that both the protein-protein interactions along axons and the
protein degradation pathway are regulated through the acetylation/deacetylation
pathway. Therefore, its switching is a key event for the regulation of microtubule
degradation and hence stability of various axonal domains. Further experiments will be
necessary to understand how SIRT2 or HDAC6 deacetylase activities are locally regulated
and involved in the axon stability and degeneration.
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5. Conclusion & future issues

SIRT2, a NAD-dependent protein deacetylase, is mostly localized in the cytoplasm and
regulates post-translational modifications of proteins such as microtubules via tubulin
deacetylation. We have shown evidence that SIRT2 could modulate hyperacetylation of
alpha-tubulin in cerebellar granule axons and thereby abrogate their resistance to
degenerative stimuli in a mutant mouse strain where axon degeneration, but not cell somal
death, is markedly delayed. We have provided evidence for its functional involvement in
axon stability, and discuss some of recent findings, highlighting the emergence of SIRT2 as a
novel regulator of neuronal degeneration and plasticity.

Recently, the suppression of SIRT2 effectively ameliorates neurotoxicity in a variety of
neuronal disease models including Drosophila model of Huntington disease (Pallos et al.,
2008), mutant huntingtin neurotoxicity (Luthi-Cortea et al., 2010), alpha-synuclein-mediated
toxicity in models of Parkinson's disease (Outeiro et al., 2007). It has been proposed that the
SIRT?2 inhibitors or SIRT2 suppression may function by promoting the formation of enlarged
inclusion bodies, and thereby provide neuroprotection. Nicotinamide is also shown to
increase the level of acetylated alpha-tubulin, tau stability, and restore memory loss in a
transgenic mouse model of Alzheimer's disease (Green et al., 2008). The mechanisms of
neuroprotection found in these disease models are still unknown. These findings should be
discussed in the light of the functional diversity of SIRT2 subtypes and their localization in
axonal domains.

6. References

Araki T., Sasaki Y., and Milbrandt J. (2004) Increased nuclear NAD biosynthesis and SIRT1
activation prevent axonal degeneration. Science 305, 1010-1013.

Baas P.W., and Black M.M. (1990) Individual microtubules in the axon consist of domains
that differ in both composition and stability. J. Cell Biol. 111, 495-509.

Baur JA.(2010) Biochemical effects of SIRT1 activators. Biochim Bio phys Acts. 1804:1626-
1634.

Black M.M., Baas P.W., and Humphrey S. (1989) Dynamics of alpha-tubulin deacetylation in
intact neurons. J. Neuroscience. 9, 358-368.

Black M.M., and Greene L.A. (1982) Changes in the colchicine susceptibility of microtubules
associated with neurite outgrowth: studies with nerve growth factor-responsive
PC12 pheochromocytoma cells. J. Cell Biol. 95, 379-386.

Black M.M., and Keyser P. (1987) Acetylation of alpha-tubulin in cultured neurons and the
induction of alpha-tubulin acetylation in PC12 cells by treatment with nerve
growth factor. J. Neurosci. 7, 1833-1842.

Buckmaster E.A., Perry V.H., and Brown M.C. (1995) The rate of Wallerian degeneration in
cultured neurons from wild type and C57BL/WIdS mice depends on time in
culture and may be extended in the presence of elevated K+ levels. Eur. J. Neurosci.
7,1596-1602.

Burgoyne R.D., and Cambray-Deakin M.A. (1988) The cellular neurobiology of neuronal
development: the cerebellar granule cell. Brain Res. 472, 77-101.

Cambray-Deakin M.A., and Burgoyne R.D. (1987) Posttranslational modifications of alpha-
tubulin: acetylated and detyrosinated forms in axons of rat cerebellum. J. Cell Biol.
104, 1569-1574.

www.intechopen.com



12 Neurodegeneration

Cho H.P,, Liu Y., Gomez M., Dunlap J., Tyers M., and Wang Y. (2005) The dual-specificity
phosphatase CDC14B bundles and stabilizes microtubules. Mol. Cell Biol. 25, 4541-
4551.

Coleman M. (2005) Axon degeneration mechanisms: commonality and diversity. Nat. Rev.
Neurosci. 6, 889-898.

Conforti L., Tarlton A., Mack T.G., Mi W., Buckmaster E.A., Wagner D., Perry V.H., and
Coleman M.P. (2000) A Ufd2/D4Colele chimeric protein and overexpression of
Rbp7 in the slow Wallerian degeneration (W1dS) mouse. Proc. Natl Acad. Sci. USA
97,11377-11382.

De Ruvo C., Amodio R., Algeri S., Martelli N., Intilangelo A., D'Ancona G.M., Esposito E.
(2000) Nutritional antioxidants as antidegenerative agents. Int. J. Dev. Neurosci. 18,
359-366.

Dryden S.C., Nahhas F.A., Nowak J.E., Goustin A.S., and Tainsky M.A. (2003) Role for
human SIRT2 NAD-dependent deacetylase activity in control of mitotic exit in the
cell cycle. Mol. Cell Biol. 23, 3173-3185.

Fulda S., and Debatin K.M. (2006) Resveratrol modulation of signal transduction in
apoptosis and cell survival: a mini-review. Cancer Detect. Prev. 30, 217-223.

Gan L and Mucke L (2008) Paths of convergence: Sirtuins in aging and neurodegeneration.
Neuron 58:10-14.

Green KN, Steffan ]S, Martinez-Coria H, Sun X, Schreiber SS, Thompson LM, LaFerla FM.
(2008) Nicotinamide restores cognition in Alzheimer's disease transgenic mice via a
mechanism involving sirtuin inhibition and selective reduction of Thr231-
phosphotau.Neurosci. 28:11500-10.

Horton A.C., and Ehlers M.D. (2003) Neuronal polarity and trafficking. Neuron 40, 277-295.

Hubbert C., Guardiola A., Shao R., Kawaguchi Y., Ito A., Nixon A., Yoshida M., Wang X.F.,
and Yao T.P. (2002) HDACS6 is a microtubule-associated deacetylase. Nature 417,
455-458.

Ikegami K., and Koike T. (2003) Non-apoptotic neurite degeneration in apoptotic neuronal
death: pivotal role of mitochondrial function in neurites. Neuroscience 122, 617-626

Inoue T., Hiratsuka M., Osaki M., Yamada H., Kishimoto I., Yamaguchi S., Nakano S., Katoh
M., Ito H., and Oshimura M. (2007) SIRT2, a tubulin deacetylase, acts to block the
entry to chromosome condensation in response to mitotic stress. Oncogene 26, 945-
957.

Ji' S, Doucette JR, Nazarali AJ.(2011) Sirt2 is a novel in vivo downstream target of Nkx2.2 and
enhances oligodendroglial cell differentiation. ] Mol Cell Biol., 3:351-359

Kawahara T (2007) Immunohistochemical study of tubulin acetylation during cerebellar
development: comparison between wild-typw and WIds mutant mouse.
Dissertation for a BA, Hokkaido University, p.1-16.

Koike T, Yang Y, Suzuki K, Zheng X. (2008) Axon & dendrite degeneration: its mechanisms
and protective experimental paradigms. Neurochem Int. 52:751-760.

Laurent M., and Fleury A. (1996) Hysteretic behavior and differential apparent stability
properties of microtubule species emerge from the regulation of post-translational
modifications of microtubules. J. Cell Sci. 109, 419-428.

Li W., Zhang B., Tang J., Cao Q., Wu Y., Wu C., Guo J., Ling E.A,, and Liang F. (2007) Sirtuin
2, a mammalian homolog of yeast silent information regulator-2 longevity
regulator, is an oligodendroglial protein that decelerates cell differentiation
through deacetylating alpha-tubulin. J. Neurosci. 27, 2606-2616.

www.intechopen.com



SIRT2 (Sirtuin2) — An Emerging Regulator of Neuronal Degeneration 13

Lunn E.R., Perry V.H., Brown M.C., Rosen H., and Gordon S. (1989) Absence of Wallerian
degeneration does not hinder regeneration in peripheral nerve. Eur. ]J. Neurosci. 1,
27-33.

Luthi-Carter R, Taylor DM, Pallos J, Lambert E, Amore A, Parker A, Moffitt H, Smith DL,
Runne H, Gokce O, Kuhn A, Xiang Z, Maxwell MM, Reeves SA, Bates GP, Neri C,
Thompson LM, Marsh JL, Kazantsev AG.(2010) SIRT2 inhibition achieves
neuroprotection by decreasing sterol biosynthesis. Proc Natl Acad Sci U S A. 107,
7927-7932.

Mack T.G., Reiner M., Beirowski B. Mi W., Emanuelli M., Wagner D., Thomson D.,
Gillingwater T., Court F., Conforti L., Fernando F.S., Tarlton A., Andressen C.,
Addicks K., Magni G., Ribchester R.R., Perry V.H., and Coleman M.P. (2001)
Wallerian degeneration of injured axons and synapses is delayed by a
Ube4b/Nmnat chimeric gene. Nat. Neurosci. 4, 1199-1206.

MacRae T.H. (1997) Tubulin post-translational modifications - enzymes and their
mechanisms of action. Eur. J. Biochem. 244, 265-278.

Maruta H., Greer K., and Rosenbaum J.L. (1986) The acetylation of alpha-tubulin and its
relationship to the assembly and disassembly of microtubules. J. Cell Biol. 103, 571-
579.

Matsuyama A., Shimazu T., Sumida Y., Saito A., Yoshimatsu Y., Seigneurin-Berny D., Osada
H., Komatsu Y., Nishino N., Khochbin S., Horinouchi S., and Yoshida M. (2002) In
vivo destabilization of dynamic microtubules by HDAC6-mediated deacetylation.
EMBO J. 21, 6820-6831.

Maxwell MM, Tomkinson EM, Nobles J, Wizeman JW, Amore AM, Quinti L, Chopra V,
Hersch SM, Kazantsev AG (2011) The Sirtuin 2 microtubule deacetylase is an
abundant neuronal protein that accumulates in the aging CNS. Hum Mol Genet. 20,
3986-3996.

Nakagawa T and Guarente L (2011) Sirtuins at glance. J Cell Sci124,833-838

North B.J.,, Marshall B.L., Borra M.T., Denu J.M., and Verdin E. (2003) The human Sir2
ortholog, SIRT2, is an NAD*-dependent tubulin deacetylase. Mol. Cell 11, 437-444.

Outeiro TF, Kontopoulos E, Altmann SM, Kufareva I, Strathearn KE, Amore AM, Volk CB,
Maxwell MM, Rochet JC, McLean PJ, Young AB, Abagyan R, Feany MB, Hyman
BT, Kazantsev AG.(2007) Sirtuin 2 inhibitors rescue alpha-synuclein-mediated
toxicity in models of Parkinson's disease. Science 317, 516-519.

Pallos J, Bodai L, Lukacsovich T, Purcell JM, Steffan JS, Thompson LM, Marsh JL. (2008)
Inhibition of specific HDACs and sirtuins suppresses pathogenesis in a Drosophila
model of Huntington's disease. Hum Mol Genet. 17, 3767-3775.

Powell SK., Rivas R.]J. Rodriguez-Boulan E., and Hatten M.E. (1997) Development of
polarity in cerebellar granule neurons. J. Neurobiol. 32, 223-236.

Ren Y., Zhao ]., and Feng J. (2003) Parkin binds to alpha/beta tubulin and increases their
ubiquitination and degradation. J. Neurosci. 23, 3316-3324.

Rothgiesser KM, Erener S, Waibel S, Liischer B, Hottiger MO.(2010)SIRT2 regulates NF-xB
dependent gene expression through deacetylation of p65 Lys310. J Cell Sci. 123,
4251-4258.

Sasaki Y. Araki T.,, and Milbrandt ]. (2006) Stimulation of nicotinamide adenine
dinucleotide biosynthetic pathways delays axonal degeneration after axotomy. J.
Neurosci. 26, 8484-8491.

www.intechopen.com



14 Neurodegeneration

Shea T.B. (1999) Selective stabilization of microtubules within the proximal region of
developing axonal neurites. Brain Res. Bull. 48, 255-261.

Solinger JA, Paolinelli R, Kloss H, Scorza FB, Marchesi S, Sauder U, Mitsushima D, Capuani
F, Stiirzenbaum SR, Cassata G. (2010) The Caenorhabditis elegans Elongator
complex regulates neuronal alpha-tubulin acetylation. PLoS Genet. 6(1):e1000820.

Suzuki K (2007) The role of microtubule acetylation in resistance to axon degeneration.
Dissertation for a Ph.D., Hokkaido University, p.1-95.

Suzuki K., and Koike T. (1997) Brain-derived neurotrophic factor suppresses programmed
death of cerebellar granule cells through a posttranslational mechanism. Mol.
Chem. Neuropathol. 30, 101-124.

Suzuki K., and Koike T. (2007a) SIRT2-mediated modulation of resistance to axonal
degeneration in slow Wallerian degeneration (W1dS) mice: a crucial role of tubulin
deacetylation. Neurosciencel47, 599-612.

Suzuki K., and Koike T. (2007b) Resveratrol abolishes resistance to axonal degeneration in
slow Wallerian degeneration (W1dS) mice: activation of SIRT2, an NAD-dependent
tubulin deacetylase. Biochem. Biophys. Res. Commun.359:665-671

Takemura R., Okabe S., Umeyama T., Kanai Y., Cowan N.J.,, and Hirokawa N. (1992)
Increased microtubule stability and alpha tubulin acetylation in cells transfected
with microtubule-associated proteins MAP1B, MAP2 or tau. J. Cell Sci. 103, 953-
964.

Tapia M, Wandosell F, Garrido JJ.(2010) Impaired function of HDAC6 slows down axonal
growth and interferes with axon initial segment development. PLoS One.
5(9):€12908

Voelter-Mahlknecht S., Ho A.D., and Mahlknecht U. (2005) FISH-mapping and genomic
organization of the NAD-dependent histone deacetylase gene, Sirtuin 2 (Sirt2). Int.
J. Oncol. 27, 1187-1196.

Wang F, Chan CH, Chen K, Guan X, Lin HK, Tong Q. (2011) Deacetylation of FOXO3 by
SIRT1 or SIRT2 leads to Skp2-mediated FOXO3 ubiquitination and degradation.
Oncogene. Doi:10.1038/ onc.2011.347.

Wang J., Zhai Q., Chenhg Y., Lin E.,, Gu W., McBurney M.W., and He Z. (2005) A local
mechanism mediates NAD-dependent protection of axon degeneration. J. Cell Biol.
170, 349-355.

Wang M., Wu Y., Culver D.G., and Glass ].D. (2000) Pathogenesis of axonal degeneration:
parallels between Wallerian degeneration and vincristine neuropathy. J.
Neuropathol. Exp. Neurol. 59, 599-606.

Westermann S., and Weber K. (2003) Post-translational modifications regulate microtubule
function. Nat. Rev. Mol. Cell Biol. 4, 938-947.

Zhao Y, Yang ], Liao W, Liu X, Zhang H, Wang S, Wang D, Feng ], Yu L, Zhu WG. (2010)
Cytosolic FoxOl1 is essential for the induction of autophagy and tumour suppressor
activity. Nat Cell Biol. 12, 665-675.

www.intechopen.com



Neurodegeneration
. Edited by Dr. L. Miguel Martins

Hakrad By L Miguel Marting
Samardha H.Y. Lah

ISBN 978-953-51-0502-2

Hard cover, 362 pages
Publisher InTech

Published online 11, April, 2012

Published in print edition April, 2012

=~

-
{
e T ——

Currently, the human population is on a collision course for a social and economic burden. As a consequence
of changing demographics and an increase in human individuals over the age of 60, age-related
neurodegenerative disorders are likely to become more prevalent. It is therefore essential to increase our
understanding of such neurodegenerative disorders in order to be more pro-active in managing these
diseases processes. The focus of this book is to provide a snapshot of recent advancements in the
understanding of basic biological processes that modulate the onset and progression of neurodegenerative
processes. This is tackled at the molecular, cellular and whole organism level. We hope that some of the
recent discoveries outlined in this book will help to better define the basic biological mechanisms behind
neurodegenerative processes and, in the long term, help in the development of novel therapeutic approaches.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Tatsuro Koike, Kazuhiko Suzuki and Tomohiro Kawahata (2012). SIRT2 (Sirtuin2) - An Emerging Regulator of
Neuronal Degeneration, Neurodegeneration, Dr. L. Miguel Martins (Ed.), ISBN: 978-953-51-0502-2, InTech,
Available from: http://www.intechopen.com/books/neurodegeneration/role-of-sirt2-the-nad-dependent-tubulin-
deacetylase-in-neuronal-degeneration

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE BHIERFARK6SS HiBEFR R ARIRE I AE40582TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2012 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Atiribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.




